Introduction
More than 70 million prescriptions for non-steroidal anti-inflammatory drugs (NSAIDs) are written each year in the USA. 1 With over-thecounter use included, more than 30 billion doses of NSAIDs are consumed annually in the USA alone. 1,2 On 9 July 2015, the US Food and Drug Administration (FDA) strengthened a warning on all prescription and over-the-counter non-selective NSAIDs and cyclooxygenase 2 (COX-2) selective inhibitors, stating that this class of agents can increase adverse cardiovascular outcomes. The uncertainty concerning the cardiovascular safety of NSAIDs presents practitioners with difficult management decisions, 3 particularly for the 19% of the population in the USA who use at least one NSAID on a regular basis, including 30 million Americans with osteoarthritis, 2, 4 of whom more than 40% also have hypertension. 5, 6 Moreover, current hypertension guidelines only scarcely mention the use of analgesics in this particular population. 7 Non-selective NSAIDs and selective inhibitors of COX-2 can increase blood pressure (BP) or interfere with BP control, 8, 9 and even small differences in BP may impact cardiovascular morbidity and mortality. [10] [11] [12] [13] Hence, there is a particular need to investigate the differential effects on BP with these NSAIDs. While effects on BP may in part explain the cardiovascular risks of NSAIDs, few prospective, long-term, placebo-controlled trials in patients with arthritis have specifically assessed the differential effects of non-selective and selective COX-2 inhibitors on ambulatory BP. The recently published Prospective Randomized Evaluation of Celecoxib Integrated Safety vs. Ibuprofen Or Naproxen (PRECISION), 14 a double-blind, triple-dummy, randomized, threearm parallel group design multicentre cardiovascular safety trial mandated by the FDA in patients with arthritis with or at increased risk for cardiovascular disease, demonstrated distinctly different safety profiles amongst alternative NSAIDs. In view of concerns with regard to the contribution of BP elevations to increased cardiovascular events within this group of drugs, PRECISION-ABPM, a pre-specified substudy of PRECISION, 15 aimed to delineate differential BP effects and the relationship between changes in ambulatory BP of the selective COX-2 inhibitor celecoxib vs. the non-selective NSAIDs naproxen and ibuprofen.
Methods
Detailed methods for the PRECISION trial have been published previously 15 and both the protocol and statistical analysis plan for PRECISION-ABPM are available as Supplementary files.
Study design and oversight
PRECISION-ABPM is a pre-specified substudy of PRECISION, a randomized, multicentre, double-blind, non-inferiority trial conducted in patients with rheumatoid arthritis (RA) or osteoarthritis (OA) who had preexisting or were at relatively high risk for cardiovascular disease. Randomization was stratified by the primary diagnosis (OA or RA), aspirin use, and geographic region. Institutional review boards approved the study and patients provided written informed consent. In PRECISION, a multidisciplinary executive committee supervised the trial and an independent data monitoring committee reviewed unblinded data for safety. Executive committee members agreed not to accept any financial payments related to NSAIDs from any manufacturer of NSAIDs throughout the duration of the trial, including from the trial's sponsor. The sponsor participated in the design of the trial and writing of the protocol in collaboration with the executive committee and consultation with the FDA, assisted with data collection and maintained the trial database. The sponsor shared operational roles with the Cleveland Clinic Coordinating Center for Clinical Research (C5Research) and several contract research organizations. The academic authors wrote the articles for PRECISION and PRECISION-ABPM. The sponsor was allowed to review and comment on the article, but the decision to publish and final contents were determined by the academic authors with no limits on the right to publish. All authors had access to the final results, approved the article and take responsibility for its accuracy, completeness, and adherence to the study protocol.
Inclusion and exclusion criteria
PRECISION enrolled patients > _18 years of age who, as determined by the patient and physician, required daily treatment with NSAIDs for arthritis pain. Inclusion required established cardiovascular disease or increased risk for development of cardiovascular disease (defined in the Supplementary material online, Appendix). The protocol and a prior publication describe other inclusion and exclusion criteria. 15 
Treatments
Following randomization, patients received either celecoxib, 100 mg bid, ibuprofen, 600 mg tid, or naproxen, 375 mg bid with matching placebos in a 1: 1: 1 allocation. At subsequent visits for RA patients, investigators could increase the dose to celecoxib 200 mg bid, ibuprofen 800 mg tid, or naproxen 500 mg bid for treatment of symptoms. For patients with OA, upward titration of ibuprofen and naproxen was permitted; however, regulatory dosing restrictions allowed dose escalation for celecoxib in RA patients but not OA patients. Esomeprazole (20-40 mg) was provided for gastric protection to all patients. Investigators were encouraged to provide optimal cardiovascular preventive management as recommended by current guidelines. Patients receiving low-dose aspirin (< _325 mg daily) were permitted to continue this therapy.
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Outcomes
The primary ABPM substudy end point was the change from baseline in 24-h mean systolic BP (SBP) at Month 4. Secondary end points were the change from baseline in 24-h mean SBP at Month 2, change from baseline in 24-h average diastolic BP (DBP) at Months 2 and 4, 24-h pulse pressure (PP = SBP-DBP) change from baseline at Months 2 and 4, the mean awake (06: 00-21: 59 h) and sleep (22: 00-05: 59 h) SBP and DBP and mean arterial pressure change from baseline at Months 2 and 4. In addition, the relationship between change in BP (ABPM) and subsequent cardiovascular events, the composite of cardiovascular (CV) death, non-fatal myocardial infarction or nonfatal stroke, were analysed. An independent committee of multidisciplinary specialists at C5Research, blinded to treatment allocation, reviewed and adjudicated events.
Statistical analysis
The primary end point for the substudy was the change from baseline in 24-h mean SBP at Month 4. Assuming a standard deviation of approximately 7.5 mmHg and using a Bonferroni adjustment for multiple treatment comparisons a sample size of 117 evaluable patients per arm allowed detection of a 3 mmHg difference between any two treatment groups, with 80% power and at the 0.0167 (=0.05/3) level of significance. Assuming a 35% dropout rate, the study required randomization of 180 patients per arm (for a total of 540) to obtain 117 evaluable patients. In case the dropout rate was lower than 35%, the study design allowed enrolment to stop once the number of evaluable patients per arm was reached. The ABPM analyses were based on the substudy modified intentionto-treat (MITT) population, consisting of all randomized patients who had valid ambulatory BP data for analyses thus excluding subjects with missing ABPM recording at baseline or subjects with a baseline ABPM but with no follow-up ABPM recordings. For patients who discontinued study drug prematurely prior to Month 2, measurements taken at time of discontinuation were used as the Month 2 measurement. Similarly, measurements taken at time of discontinuation at or after Month 2 were used as the Month 4 measurement. The primary analysis used an analysis of covariance (ANCOVA) model with treatment and region as factors, and the baseline 24-h average SBP and BMI as covariates. The least squares (LS) mean for each of the three treatment groups, the difference between each pair of the LS means, and the P-values for these differences were presented. Each of the three comparisons was considered statistically significant if the P-value was less than 0.0167. 95% confidence intervals (CIs) were presented for the primary analysis to allow for comparisons to other studies utilizing unadjusted intervals. Additionally, a sensitivity analysis of the primary end point was conducted to evaluate the potential effect of missing data, the primary analysis was repeated based on a mixed model repeated measurement (MMRM) model which included baseline SBP, and BMI as covariates, and factors for treatment, region, visit, and treatment by visit interaction. All secondary end points of changes in BP were analysed similarly to the primary end point using an ANCOVA model based on the MITT population. A significance level of 0.05 was used for these secondary analyses, with no adjustments for multiple comparisons.
To evaluate the effect of subgroups on change in BP at Month 4, an ANCOVA model was used within each subgroup, with change in BP at Month 4 as the dependent variable, treatment, and region as factors, and baseline BP and BMI as covariates. Additionally treatment-by-subgroup interactions were determined to assess consistency of treatment effect across the subgroups. Prespecified subgroup analyses including chronic kidney disease (CKD) defined as a CKD-Epi 16 eGFR < 60 and patients with hypertension at baseline. The remaining subgroup analyses [gender, race, diabetes, baseline use of aspirin, and (angiotensin-converting enzyme) ACE/angiotensin receptor blocker (ARB) concomitant use] were post hoc. Additionally, a post hoc analysis was conducted for treatment comparison of the percent of normotensive patients (24-h SBP <130 mmHg and DBP <80 mmHg) who became hypertensive at Month 4 using CochranMantel-Haenszel (CMH) test with adjustment for region. The proportion of patients with <0, 0-10, >10-20, and >20 mmHg increase from baseline to Month 4 in 24-h SBP was also compared between the three treatments using CMH stratified by region.
Results

Patient population
Five hundred eighty-nine patients were screened and 545 enrolled from 60 centres in the USA between 18 September 2008 and 25 March 2013; 101 patients were excluded from analysis leaving 444 analysable participants with successful baseline, 2 or 4 months postrandomization ABPM assessments ( Figure 1 ). There were 146 patients assigned to celecoxib (mean daily dose 208 ± 34 mg), 147 to naproxen (852 ± 98 mg), and 151 to ibuprofen (2031 ± 237 mg). The groups had similar baseline characteristics (Table 1) , including BP, serum creatinine, plasma glucose, and glycosylated haemoglobin concentrations. Sixty-two percent of the patients were treated with ACE inhibitors or ARBs, 35% with a diuretic and 22% with a calcium channel blocker, while 53% received multiple antihypertensive therapies.
A total of 374 (84%) of 444 patients completed 4 months of the substudy, which included the primary outcome and ABP assessment. The remaining 70 patients (20 celecoxib, 33 ibuprofen, and 17 naproxen) did not have a valid Month 4 ambulatory BP assessment; 15 of these 70 patients were withdrawn from the study or treatment due to an adverse event prior to Month 4: 4 (2.7%) of the patients had been randomized to celecoxib, 7 (4.6%) to ibuprofen, and 4 (2.7%) to naproxen ( Figure 1) .
Primary outcomes
The hourly ambulatory SBP curves over 24 h at baseline and at Month 4 for the 3 treatment groups are shown in Figure 2A -C. A consistent increase from baseline in SBP was observed in the ibuprofen group (P-value for change in 24-h SBP < 0.001). The change from baseline to Month 4 in 24-h SBP was not statistically significant for celecoxib and naproxen (P = 0.801 and 0.117, respectively). The change in mean 24-h SBP in celecoxib, ibuprofen, and naproxen-treated patients was -0.3 mmHg (95% CI, -2.25, 1.74), 3.7 (95% CI, 1.72, 5.58) , and 1.6 mmHg (95% CI, -0.40, 3.57), respectively ( Figure 3) . These
changes resulted in a statistically significant difference of -3.9 mmHg (95% CI, -6.19, -1.61; P < _ 0.001) between celecoxib and ibuprofen; differences of -1.8 mmHg (95% CI, -4.15, 0.47; P= 0.12) between celecoxib and naproxen, and of -2.1 mmHg (95% CI, -4.36, 0.23; P= 0.08) ( Table 2 ) between naproxen and ibuprofen were noted as well.
Results from the MMRM results were consistent with the primary analysis, where at Month 4, the change from baseline in 24-h SBP was -0.3 ± 1.02, 3.7 ± 1.03, 1.9 ± 1.00 for celecoxib, ibuprofen, and naproxen respectively. P-values were 0.002, 0.07, 0.16 for celecoxib vs.
ibuprofen, celecoxib vs. naproxen, and naproxen vs. ibuprofen respectively.
Secondary outcomes and subgroup analyses
Average 24-h mean arterial BP (MABP = DBP þ 1/3 Â (SBP-DBP) at Month 4 was increased in the ibuprofen group, but not in patients receiving celecoxib or naproxen ( Table 2) . Correspondingly, the change from baseline at Month 4 of awake (06: 00-21: 59 h) SBP, as For baseline HDL, the P-value was statistically significantly different for the celecoxib vs. naproxen comparison (P = 0.0435), for all other baseline characteristics, showed no statistically significant differences between treatments. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic BP. Figure 4A) . Compared with celecoxib, the ibuprofen treatment groups had larger proportions of patients whose 24-h SBP increased (P = 0.003), while the difference between celecoxib and naproxen was not significant (P ¼ 0.07) ( Figure 4B) . During a mean follow-up of 2.49 years, 22 Anti-platelet Trialist Collaboration (APTC) events 17 (composite of CV death, non-fatal myocardial infarction, or non-fatal stroke) occurred, nine in the ibuprofen, six in the naproxen, and seven in the celecoxib groups. In PRECISION, 14 the risk for hospitalization with hypertension increased by 69% with ibuprofen compared with celecoxib (see Supplementary material online, Figure S1 ). Furthermore, in PRECISION, celecoxib was associated with the lowest rate of investigator reported increase in office BP (2.3%) compared with ibuprofen (3.1%) and naproxen (2.5%).
14 Sub-group Forest plots examining effects of comorbidities, patient characteristics and medications are shown in Figure 5 . There was no statistical heterogeneity by aspirin use in the present study. Patients receiving a higher dose of ibuprofen (1800 mg vs. 2400 mg) did not show a higher BP. Indeed, the change in mean SBP for ibuprofen was 2.96 ± 1.603 mmHg in 79 patients with dose titration, and 4.04 ± 1.312 mmHg for the 72 patients without. In contrast, the adjusted mean change in SBP at Month 4 for Naproxen was 2.23 ± 1.639 mmHg with (n = 80), and 0.62 ± 1.346 mmHg without dose titration (n = 67). Since regulatory restrictions precluded a dose escalation for celecoxib, only 9 of the 146 patients receiving celecoxib had the dose increased during the course of the study and the mean change in 24-h SBP for these patients was 3.3 þ 3.77, vs. a mean change of -0.3 þ 1.08 for celecoxib patients who did not titrate. For patients who did not titrate, P-values for mean change in 24-h SBP were 0.002, 0.51, 0.04 for celecoxib vs. ibuprofen, celecoxib vs. naproxen, and naproxen vs. ibuprofen respectively. Importantly, pain control was similar according to the different treatment groups. The reduction from baseline in the visual analogue scale for pain was 12.4 ± 2.41, 9.4 ± 2.37, 7.9 ± 2.41 for celecoxib, ibuprofen, and naproxen respectively (all P-values were not significant).
Discussion
In the PRECISION-ABPM trial, the use of the non-selective NSAID ibuprofen, compared with celecoxib, associated with a significant increase in ambulatory SBP. In view of the established continuous relationship between BP and both cardiovascular and cerebrovascular events, 10-13 the pressor response of more than 3 mm Hg associated with the use of ibuprofen, along with a higher incidence of de novo hypertension and worsening of BP control could impact clinical outcomes for patients chronically using NSAIDs.
The findings of PRECISION-ABPM concur with the primary outcome results of the overall PRECISION trial 14 that showed that ibuprofen-treated patients, compared with those who received naproxen and celecoxib, experienced numerically more cardiovascular and renal events. In PRECISION, celecoxib was associated with the lowest rate in reported increase in office BP (2.3%) vs. ibuprofen (3.1%) and naproxen (2.5%), while the rate of hospitalization for hypertension was 69% higher with ibuprofen compared with celecoxib. 14 Investigator-reported adverse effects also showed a similar pattern with a higher reported incidence of hypertension.
14 PRECISION-ABPM demonstrates that celecoxib and naproxen induce either a slight decrease (celecoxib) or a relatively small increase (naproxen) in BP and lower rates of development of hypertension compared with ibuprofen. A widely cited hypothesis has proposed that the adverse effects of NSAIDs relate directly to the effects of these drugs on platelets and endothelial cells. 18 The current findings provide evidence that elevated cardiovascular risk with NSAIDs may not only depend on effects on the vascular endothelium but also agent-specific increases in BP. Given the widespread use of NSAIDs, even a small rise in SBP among hypertensive patients with osteoarthritis could substantially increase cardiovascular events in a population. Indeed, maintaining or achieving BP control in these patients could avoid an estimated >70 000 deaths from stroke and 60 000 deaths from coronary heart disease, resulting in 449 000 patient-years of life saved and 3.8 billion dollars in direct health care cost savings. 19 The current results support a distinct heterogeneity with respect to BP elevations and increased cardiovascular events within the group of non-selective and selective NSAIDs. Indeed, previous headto-head studies and meta-analyses already questioned whether all NSAID and coxibs have similar effects on BP. [20] [21] [22] [23] [24] [25] [26] [27] In controlled hypertensive patients with osteoarthritis in TARGET, 28 patients treated with ibuprofen had a 2.2 mm Hg increase in 24 h SBP, compared with a reduction of 2.7 mm Hg in patients randomized to the selective COX-2 inhibitor lumiracoxib. In contrast, in CRESCENT, rofecoxib, particularly at higher doses, significantly increased BP compared with celecoxib or naproxen. 26 Although comparison across different randomized clinical trials requires caution, hypertension was more frequently adjudicated in clinical trials with rofecoxib, as in selective inhibitors may disrupt the balance between prostacyclin and thromboxane, multiple and opposing cardiovascular influences might also have contributed to our findings including differences in disposition, metabolites, effects on intrarenal prostaglandin production, distinctions in molecular structure, differences in membrane Figure 5 Sub-group forest plots examining effects of comorbidities, patient characteristics, and medications.
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permeability, 34 and differential effects on endothelium-dependent relaxation which may influence BP. 35, 36 Moreover, the substantial pharmacological heterogeneity among the different NSAIDs and coxibs requires consideration, as these drugs have distinct chemical structures, pharmacokinetic properties and subsequent metabolism (cytosol reductase vs. cytochrome P450). [37] [38] [39] In previous studies with patients receiving NSAIDs on a background therapy with aspirin, 40 plasma-and urinary-concentrations of prostacyclin and thromboxane remained unchanged, thus rendering a potential COX-2 inhibiting effect unlikely to explain fully the more pronounced hypertensive effects of ibuprofen compared with celecoxib and naproxen under the conditions of the present study. Although some data suggest that ibuprofen and naproxen interfere with the antiplatelet effects of aspirin, this study showed no heterogeneity of BP based on aspirin consumption. The PRECISION-ABPM trial has limitations. Regulatory restrictions limited the dose of celecoxib to 200 mg daily for osteoarthritis patients who comprised the majority enrolled, which may have provided a safety advantage for celecoxib. Per protocol, RA patients could increase the celecoxib dose to 200 mg twice daily if needed. However, mean doses for both non-selective NSAIDs were also submaximal. Indeed, the three study drugs showed similar analgesic efficacy. For ethical reasons, a placebo comparison arm was not feasible since the protocol required all patients and physicians to document that patient had required NSAID treatment for at least 6 months for adequate symptom relief. Therefore potential changes in BP vs. no treatment are unknown. Acetaminophen was not selected as a comparator because prior studies had demonstrated its ineffectiveness in patients with NSAID-dependent arthritis. Notably, even acetaminophen increases ambulatory BP and heart rate in patients with coronary artery disease. 41 Furthermore, extrapolations to occasional intake of these drugs for pain flares require considerable caution. In a recent very large patient data meta-analysis (almost a half-million individuals assembled from Canadian and European health care databases), use of all NSAIDs associated with increased risk of myocardial infarction. 42 Although 16% of patients (14% celecoxib, 12% naproxen, and 22% ibuprofen) did not have Month 4 measurements, the current observations represent the largest ABPM comparison of these agents. The blinded study design and the objective nature of the study outcome variable support the reliability of our findings. Of note, ABPM improves the accuracy of the diagnosis, predicts cardiovascular morbidity and mortality much better than conventional clinic BP measurements, and identifies and prevents unnecessary treatment of patients with white-coat hypertension, which occurs in 15-30% of patients with an elevated office BP. 43, 44 A painful arthritis flare may elevate BP transiently leading to misclassification of hypertension. The generally similar analgesic efficacy of the active therapies suggests that this possible confounder should not affect the head-to-head comparisons in this study.
In conclusion, the PRECISION-ABPM trial reveals differential BP effects of treatment with celecoxib vs. the non-selective NSAID ibuprofen. These results support and extend the findings of the PRECISION Trial demonstrating non-inferiority for the primary cardiovascular outcomes for moderate doses of celecoxib compared with naproxen or ibuprofen. These findings may have the greatest clinical significance in the elderly, who have a high prevalence of arthritis and hypertension. Since PRECISION-ABPM demonstrates differential effects of NSAIDs on BP, clinicians need to weigh the potential hazards of worsening BP control and its clinical sequelae as well as the risks to gastrointestinal safety when considering the use of these agents, particularly ibuprofen.
